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OUTLIN€ OF THE TALK 

. 

1. M O T I V A T I O N  AN0 ORJECT 

2 .  ~ O R M U L ~ A T I O H  

- C L A S S I C A L  AND Z E R O -  

V E S  

O T A L - P R E S S U R E - L O S S  S E T S  

- SUPERSONIC CONICAL FLOW EQUATIONS 

- R E L A T I V E  f’lOTlON I N  A R O T A T I N G  FRAME OF R E F E R E N C E  

3. HIGHLIGHTS OF RETHOO OF SOLUTION 

4 .  APPLICATIONS:  

Nur&CS - C O N I C A L  FLOW, ROUND-EDGED WINGS ( C L A S S I C A L  AND ZTPL S E T S )  h-p~, (0 

MJur.r;d 
Ex.* le S C W  

I - CONICAL FLOW, SHARP-EDGED WINGS ( C L A S S I C A L  AND zirL SETS) 

- T H R E E - D I M E N S I O t i A L  FLOWS; TRAt8SONlC AND LOW-SPEED FLOWS 

- UNIFORM ROLLING IN A CONICAL FLOW 1 - ROLLING O S C I L L A T I O N  IN A LOCALLY C O N I C A L  FLOW 

5.  CONCLUDING R F M A R K S  

1 

1 

ClA5SiCal 
Vortex 
Separation 
Bubble with 
No Shock 
NO Shock/ 
NO Separation 
Shock with no 
Separation 
Shock-indoccd 
Separation 
Separation 
Bubble with 
Shock 

I ,  . 
0 1.0 

Lk 

7 Vortex with 3 *.’ Shock 

Figure 1. M i l l e r  and Wood’ C l a s s i f i c a t i o n  Diagram. 

. 

, 



CLASSICAL EULER EQUATIONS 

CONSERVATION FORM OF EULER EQUATloNs I N  A SPACE-FIXED FRAME OF R E F E R E N C E  

CONICAL VARIARLES 

2 
[PUB P U  + p .  puv .  puw. p u h I t  

= [ P V .  P U V .  p v 2  + P. P V W .  p v h I t  

SUPERSONIC CONICAL FLOW EOUATIONS 

c = x .  TI = y / x .  c = z i x  

. C O N I C A L  FLOW kQUATlONS 
. . . -  

WHERE 
I 

F = P - C l Z  

I 

E = E - c f  
, 



. 

Zero- To tal - Pressur e -Loss Eul er Equations 

Replace the energy equation by e i t h e r  
one o f  the isent rop ic  gas equations 

pipy = const. or at ( P S I  + V.(psV) = 0 

Rep1 ace the x-momen turn equation (second 
elements i n  the vectors given i n  Eqs. 
( 2 )  ’and ( 3 ) )  by the steady energy 
equation (total constant enthalpy) 

h = const  =-- ‘yp + 1 ( u * + , 2 + w  7 2 1 
Y I P  

Replace the continuity equation ( f i r s t  
elements I n  the vectors given in Eqs. 
( 2 )  and ( 3 ) )  by the steady energy 
equation given i n  Set (1) 

EXPLAWAT ION OF TOTAL-PRESSURE CHANCE 
FOR CLASSICAL AND ZTPL SETS OF EULER EOUATIONS 

DEFINITION OF ENTROPY CHANGE 

TO 

PT P T 
b . S = R I n - - + C  I n -  

0- 

( A )  UJCAL SE T 

a &  
STEADY FLOW bf 0, h C o n s t  AND 

pTI 

PT 1 v S = x i ,  A S = R I n  

/ 

FOR A FREE-SHEET G IS PARALLEL TO Q! V S  = o + P = pT + ZERO-TOTAL-PRESSURE L O S S  

( R )  ZERO-TOTAL-PRESSURE-LOSS SET (SHOCK-FREE AND WEAK SHOCKS) 

h - c o n s t .  V S  = 0 



COHPUTATONAL F w  FQUATIONL 

CROCCO'S  THEOREM 

T A S = ; x t t g t V h  - 1 V e VISCOUS-FORH OF THE EOUATION 

I -  

I -  

DEFINITION OF ENTROPY CHANGE 

P 
TI TO 7 'p I n  7 A S = R I n  

* 

a i  FOR STEADY FLOW bf 0 .  h c o n s t  AND 

pL 
5- T 0 S = x + N u m e r i c a l  D i s s i p a t i o n ,  A S - R I n  

( 1 )  

EVEN IF IS PARALLEL TO 9, v S * 0 + P * P, * NON-ZERO TPL T* 

(R) ~ - T o T A L - P ~ - I  nss SET (S~OCK-FIEE AND WEAK S H O ~  

I 
h c o n s t ,  A S - 0 AND 

- 
= P T  + Zero T P L  pL 0 = o x V t N u m e r l c a l  D l s s i p a t i o n .  

CLASSlCAL EULER EQUATIONS FOR THE RELATIVE HOTION I N  A ROTATING 
FRME OF REFtRENCE 

THE CONSERVATION FORM OF THE CLASSICAL EULER EOUATIONS FOR THE ABSOLUTE MOTION 

OF THE FLOW I N  A SPACE'FIXED FRAME OF REFERENCE 

~ t V * ( p i ) = D  

X L ! L t v  ( p i V + p T )  = O  a t  

.dt 8 ( p  e )  t V ( p  h 7) = 0 

Y 2  e = p/p(y-I) t 

h = e t p / p  

( 2 )  

( 3 )  

( 4 )  

, 
( 5 )  



0 To express these equations i n  terms o f  a 
moving frame of reference, we use the f o l l o w i n g  
r e l a t i o n s  o f  the substant ia l  and ,local 
der ivat ives f o r  a scalar "a" and a vector " A " :  

Da I D'a 
E F  

aa a l a  - 
E=-- Vt Va 

03 = O ' i  + 

m a t T  

a i  aiX - - a t  =atT- V t  v i  + ;xi 

(6.a 1 

(6 .b)  

(7.a) 

(7.b) 

0 The transformat ion v e l o c i t y  it i s  a func t i on  of  
the 'moving frame o f  reference t r a n s l a t i o n  and 
rota t i o n  

(8 1 
- -  

it = 7 - ir = i 0 + o x r  

0 R e s t r i c t i n g  the motion o f  the frame o f  reference to  the 

r o t a t i o n a l  motion, 

Q + V  ( p i r )  = 0 a t  ( 9 )  

where 

..2 n 



( 1 4 )  

s =  

Since 

term 
only  the r o l l i n g  motion f s  solved . the source 
5 has been w r i t t e n  for - . -  = 0 G x l s  and w = i3 e x # .  

HICHLI6HTS OF AETHOD OF SOLUTION 

1. ME USE THE CENTRAL-DIFFERENCE FINITE-VOLUME SCHEME WITH FOUR-STAGE RUNGE KUTTA 
T I M E  S T E P P I N G  AND E X P L I C I T  SECOND' AND FOURTH'ORDER D I S S I P A T I O N  TERMS- 

2. FOR STEADY FLOWS, LOCAL-TIME STEPPING IS USED,AND FOR UNSTEADY FLOWS MINIMUM 

CLORAL T I M E  S T E P P I N G  IS USED-  

3. A THREE'DIMENSIONAL COMPUTER PROGRAM IS USED TO SOLVE FOR: 

- CONICAL FLOWS (USING 3 CONICAL PLANES,WE ENFORCE THE ABSOLUTE FLOW VECTOR TO BE 
EOUAL ON THESE PLANES)  

- D I R E C T  S O L U T I O N  O f  THE THREE'DIMENS I O N A L  FLOW PROBLEM. 

5. DEPENDING ON THE PRORLEM 'UNDER CONSIDERATIONI  D I F F E R E N T  SURFACE, F A R F I E D  AND 

S Y M M E T R Y - C O N D I T I O N S  ARE USED. FOR SUPERSONIC FLOWS, THE OUTER ROW SHOCK IS 
CAPTURED AS PART OF THE SOLUTION. 



SHARP-EDGED MI NGS (CLASS I CAL EULER €OS 8 ZERO-TOTAL-PRESSURE-LOSS SETS) 

ROUND-EDGED WINGS (CLASSICAL EURER EOS- g ZERO-TOTAL-PKESSURE-LOSS SETS) 

- NUHLRICAL BOUNDARY CONDITION (COARSE AND F INE 6RIDS) 

- CLOSED FORR BOUNDARY CONUITION (COARSE AND FINE GRIDS) 

THREE-DIRENSIOIAL TRANSONIC AND SUBSOYlC FLOWS 

, 



Ffgure 1 .  Standard Euler Set, Sharp-edged Wing, 64x64 Cell, 
Mor 2.01 d o o ,  P=7O0, 02=0.12, c~=O.OOS, 1. Surface Pressure, 2. 
Crossflow Mach number, 3. Crossflow Velocity. 

ORIGINAL PAGG IS 
OF POOR QUALITY 

2 3 1 

Figure 2. Zero-Total-Pressure-Loss Euler. Set (1) , Sharp-edged Wing, 64x64 
Cell , Ms2.0, a = l O o ,  p=7Oo, r2=0.12, e4-0.005,1. Surface Pressure. 
2. Crossflow Mach number,, 3. Crossflow Velocity. 

, 


